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Objective. To examine neuromuscular factors that predict the incidence and progression of knee instability symptoms in older adults with or at high risk of knee osteoarthritis (OA).
Methods. At the 60-month clinic visit, participants in the Multicenter Osteoarthritis Study underwent evaluation of quantitative vibratory sense at the knee and isokinetic quadriceps muscle strength. At this 60-month visit, participants were also asked about knee buckling and sensations of knee shifting or slipping without buckling in the past 3 months and then were asked the same questions at the 72-and 84-month follow-up visits. We performed a person-based analysis using Poisson regression analysis with robust error variance to estimate adjusted relative risks (RRs) for the association of vibratory sense and muscle strength with the incidence and worsening of knee slipping/shifting, buckling, and overall knee instability symptoms (either buckling or knee shifting/slipping), with adjustment for relevant confounders.
Results. A total of 1,803 participants (61% women) were included. Approximately one-third of the participants reported incident or worsening of instability symptoms over the study period. After adjustment for relevant confounders, better vibratory acuity (adjusted RR 0.78, 95% confidence interval [95% CI] 0.56-1.09), P 5 0.020 for trend) and greater quadriceps strength (adjusted RR 0.53, 95% CI 0.38-0.75, P < 0.001) protected against incident knee instability symptoms. Greater quadriceps strength (adjusted RR 0.73, 95% CI 0.58-0.92, P 5 0.008) also protected against worsening of knee instability symptoms.
Conclusion. Vibratory acuity and quadriceps muscle strength are important predictors of the incidence and worsening of knee instability over 2 years. These neuromuscular factors are potentially modifiable and should be considered in interventional studies of instability in persons with or at risk of knee OA.
Knee instability symptoms are extremely prevalent in patients with osteoarthritis (OA), have been selfreported by up to 65% of participants in some studies, and are significantly associated with activity limitations and worse physical function (1, 2) . Knee instability frequently manifests as buckling, which is defined as the sudden loss of postural support across the knee due to mechanical failure during weight-bearing activities. Affected persons often describe this as "giving way." Knee buckling may lead to an increased frequency of falls in older adults with OA, which may further result in early morbidity and mortality, a reduced quality of life, and early disability (3) .
Due to the significant clinical implications of knee instability in OA, several studies have investigated potential associations or risk factors for knee instability so that therapeutic interventions could be implemented to help improve these symptoms. Considering the importance of sensory and motor input for joint movement and function as well as the results of previous studies showing the presence of neuromuscular deficits in OA, deficiencies in these neuromuscular factors may contribute to knee instability. Quadriceps muscle weakness is well recognized in OA and has been associated with knee instability in previous studies (4, 5) . Proprioception, the sensation of movement or position in space, has been shown to be affected in patients with knee OA; however, investigators have examined knee proprioception and knee laxity but were unable to identify an association with knee instability (5) .
Another sensory measure, vibratory acuity, appears to travel through similar neural pathways as proprioception and has been shown to be altered in the lower extremities of patients with OA (6,7). Vibratory perception has also been associated with dynamic loading at the knee, thus supporting its potential mechanical role in knee OA pathogenesis (8) . As yet, however, its association with knee instability has not been investigated.
Unfortunately, previous studies of knee instability have mostly been cross-sectional and therefore have been unable to establish whether these risk factors preceded the occurrence of instability, which would suggest that they might be causally related. As a result, the etiology and pathogenesis of knee instability remain unclear; it is important to continue to identify risk factors for instability, particularly those that may be modifiable with interventions.
The use of varied reporting criteria for knee instability has made it difficult to synthesize data from the available literature (1, 2, 4) . Patients with knee OA may not experience mechanical failure of the knee resulting in loss of postural support (knee buckling or giving way); however, they may experience less severe sensations of knee instability, such as slipping or shifting, without the knee actually giving way (3). Studies have defined knee instability by self-report of either "knee buckling," actual giving way of the knee and loss of postural support (4), or more broadly as either knee buckling or shifting/slipping (2, 5, 9) . It is not clear whether the sensation of shifting or slipping without buckling is a less severe or earlier manifestation of knee instability on a spectrum with buckling or is an unrelated outcome with different risk factors.
The goal of the current study was to evaluate the association between muscle strength (quadriceps) and sensory alterations (vibratory acuity) and the incidence and worsening of knee instability in a large cohort of individuals who either have knee OA or have a high risk of developing knee OA. Knee instability included knee buckling as well as the sensation of knee slipping or shifting without buckling. However, knee buckling and the sensation of knee slipping or shifting were analyzed separately as well as together, to evaluate whether the risk factors for these conditions may be different.
PATIENTS AND METHODS
Population. The Multicenter Osteoarthritis Study (MOST) is a longitudinal study of subjects who have knee OA or have a high risk of developing OA. Details of MOST have been published previously (10, 11) . The MOST protocol was approved by the Institutional Review Boards at the University of Alabama at Birmingham, the University of Iowa, the University of California, San Francisco, and Boston University Medical Center. Briefly, MOST included community-dwelling subjects ages 50-79 years at baseline who lived in the areas surrounding Birmingham or Iowa City. The definition of being at increased risk of OA included age $50 years, presence of knee symptoms on most days of the month, previous knee injury or surgery, or high body weight. Baseline examinations were performed between April 2003 and April 2005, and participants were followed up at the 15-, 30-, 60-, 72-, and 84-month visits. For this inquiry, we used data from the 60-month clinic visit as the baseline, because that was the examination at which subjects were first asked about knee instability, and data from the 72-and 84-month visits for follow-up evaluation of these outcomes. Those participants who did not come for the 60-month visit or did not have 72-and 84-month follow-up information were excluded.
Exposures of interest that were assessed at baseline and 60 months. Quadriceps strength. At the 60-month visit, participants underwent evaluation of isokinetic knee extensor strength. Quadriceps strength was evaluated as the maximum torque during active isokinetic extension, using a Cybex 350 computerized dynamometer (HUMAC software version 4.3.2/Cybex 300 for Windows 98; Avocent). Strength measurements were performed at 60 degrees/second with the chair back at 85 degrees. After 3 practice trials, 4 measurements were recorded at maximum effort, and the highest torque measurement was recorded. Measurements (expressed in Newton meters) were normalized to body size by dividing the maximum torque by the body mass index (BMI). A majority of participants had strength testing in one leg (the right leg). In a small number of participants, quadriceps strength was measured in both legs; in such evaluations, the lower strength measurement was used for the analyses.
Vibratory perception. The vibratory perception threshold (VPT) was evaluated at the 60-month visit, using a biothesiometer (BioMedical Instruments) in accordance with previously published methods (6) . The applicator tip of the instrument was placed on preselected anatomic bony prominences. In the current study, measurements from the tibial tuberosity were used. The voltage was initially set at 0 and then increased by 1 volt/ second until the participant acknowledged sensation, and this was defined as the VPT. Two sequential measurements were performed, and if there was a .6-volt difference in these measurements, then 2 more trials were performed. The average measurements of the 2 trials was recorded as the VPT. The mean VPT of the 2 limbs was used for analyses.
Baseline covariates. Knee pain was assessed with the 5-item Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) for pain over the past 30 days (range 0-20) (12) . Participants provided pain scores for each knee, and the maximum score was used in the analyses. For other lower extremity joints, participants were asked about pain "on most days of the past 30 days" at both hips, ankles, and feet (for the purposes of this study, knee pain was not included here) by referring to predefined locations on a distal lower extremity diagram, which yields a count of the number of locations (range 0-6). Radiographic knee OA severity was based on the Kellgren/Lawrence (K/L) grade (13) in the worse knee at 60 months, assessed using previously described methods (14) .
Knee instability symptoms of buckling and sensations of shifting or slipping without buckling. To assess episodes of knee buckling or giving way (we use these 2 terms interchangeably), participants were asked "In the past 3 months, has either of your knees buckled or given way at least once?" We defined knee buckling as being present if subjects answered "yes" to this question on knee buckling. To assess whether participants experienced a sensation of knee shifting or slipping that did not involve the knee actually buckling, just after the question about knee buckling, we asked all participants "In the past 3 months, has either knee felt like it was shifting, slipping, or going to give way but didn't actually do so?" We defined knee shifting/ slipping as being present in those who answered "yes" to this question. A combined category of "knee instability" included both buckling and/or sensation of slipping or shifting without buckling. Knee instability was considered as being present in those who answered "yes" to at least one of these questions.
The frequency of symptoms was evaluated with the question "Counting all times and both knees, how many times in the past 3 months have your knees buckled?" The categories included: 1 time, 2-5 times, 6-10 times, 11-24 times, and .24 times. A similar question was asked about the sensation of slipping or shifting without buckling.
Primary outcomes assessed at 60, 72, and 84 months. Incident knee shifting/slipping without buckling. An individual was considered to have incident knee shifting/slipping without buckling if he/she answered "no" to both the questions about buckling and about shifting/slipping at 60 months and answered "yes" to shifting/slipping at 72 or 84 months.
Worsening (increased frequency) of sensations of knee slipping or shifting without buckling. Worsening of the sensation of slipping or shifting was defined among subjects who did not report the ceiling level (.24 times) of this symptom at 60 months. Participants without this specific symptom at 60 months were considered as having a frequency of 0 and were eligible for worsening of frequency. Worsening of the frequency of slipping or shifting in the past 3 months was defined as having occurred if a subject reported a higher frequency of slipping or shifting at either 72 months or 84 months.
Incident knee buckling. An individual was considered to have incident buckling if he/she answered "no" to the question about buckling at 60 months and answered "yes" to the question of buckling at 72 months or 84 months.
Worsening (increased frequency) of knee buckling. Worsening in the frequency of buckling was defined among subjects who did not report the ceiling level of buckling (.24 times) at 60 months. Participants without buckling at 60 months were considered as having a frequency of 0 and were eligible for worsening of frequency. Worsening of the frequency of buckling in the past 3 months was defined as having occurred if a subject reported a higher frequency of buckling at either 72 months or 84 months. Incident knee instability (buckling and/or shifting/ slipping). An individual was considered to have incident knee instability if he/she answered "no" to both the question about buckling and the question about shifting/slipping at 60 months and answered "yes" to either (or both) questions about buckling or shifting/slipping without buckling at 72 or 84 months.
Worsening of knee instability. Worsening of knee instability was considered to be present if participants had worsening of either (or both) buckling or slipping/shifting frequency, as defined above for "worsening of knee buckling" and "worsening of sensations of shifting or slipping without buckling."
Statistical analysis. All analyses were performed using SAS (version 9.2) software. For all analyses, VPT and quadriceps muscle strength were categorized into groups, i.e., "lower," "middle," or "greater," based on 61SD of the mean.
The primary analysis was a person-based analysis using Poisson regression with robust error variance to estimate the adjusted relative risk (RR) for the association of VPT and muscle strength with knee buckling, sensation of slipping and shifting without buckling, and overall knee instability incidence, as well as worsening of each of these symptoms. Covariates that were adjusted for in the analyses included age, sex, BMI, race, K/L grade, hip/ankle/foot pain, and baseline WOMAC knee pain score, as well as other exposure (VPT or strength). A test for trend also using Poisson regression was performed using the median VPT or strength (according to the 3 categories) to evaluate for a dose-response relationship between exposure and knee instability outcomes. Sensitivity analyses for incident outcomes were performed using a knee-based model. Sensitivity analyses were also performed using maximum (instead of minimum) quadriceps strength when data on both knees were available, as well as using the worse VPT value for the 2 knees instead of the mean value.
RESULTS
Baseline and follow-up data on the variables of interest were available for 1,803 participants (Figure 1 ). General demographic data and baseline measures and frequency of risk factors and outcomes in study participants, as well as those not included in the study due to missing data (n 5 527), are shown in Table 1 . At the 60-month visit, 28% of the participants reported sensations of shifting or slipping, 16% reported buckling, and 36% reported instability (buckling and/or slipping/shifting without buckling) in the past 3 months. Over the followup period, 24% of participants developed incident sensations of shifting or slipping, 20% developed incident buckling, and 32% developed incident instability. Similarly, 26% of participants had worsening of the sensation of shifting or slipping, 21% had worsening of buckling, and 36% had worsening of overall instability. Overall, there was some overlap/co-occurrence of slipping and shifting symptoms with symptoms of buckling, but several participants reported only one type of symptom. Nearly half of the participants experienced incident or progressive buckling without experiencing similar onset or progression of symptoms of slipping or shifting. For example, among those who had neither symptom at baseline, 41% of those who developed incident buckling did so without experiencing symptoms of shifting or slipping. Furthermore, 48% experienced progression of buckling without progression of slipping. Slipping or shifting symptoms appeared to more commonly occur alone, with 67% developing incident symptoms of slipping or shifting without experiencing incident buckling and 63% experiencing worsening of symptoms without experiencing worsening of buckling.
Sensations of shifting or slipping. For sensations of slipping and shifting alone, greater quadriceps strength was strongly associated with a lower incidence of development of these symptoms during the follow-up period (RR 0.48, 95% confidence interval [95% CI] 0.32-0.73), and it protected against worsening of these symptoms (RR 0.64, 95% CI 0.47-0.88) ( Table 2) . Vibratory acuity showed no significant relationship with either incidence or worsening of these symptoms during the study period.
Buckling. For buckling alone, better vibratory acuity was associated with a decreased risk of incidence (RR 0.67, 95% CI 0.46-0.98) as well as worsening of buckling symptoms over 24 months (RR 0.65, 95% CI 0.47-0.92) ( Table 3) . Quadriceps strength showed significant linear trends toward better strength protecting against incident (P 5 0.030) and worsening (P 5 0.045) buckling symptoms.
Knee instability. For overall knee instability (either buckling or slipping and shifting), greater quadriceps strength was strongly protective against both incident (RR 0.53, 95% CI 0.38-0.75) and worsening symptoms (RR 0.73, 95% CI 0.58-0.92) symptoms (Table 4 ). There was a significant linear trend (P 5 0.020) for protection against incident knee instability with better vibratory acuity, but vibratory acuity showed no association with worsening of knee instability symptoms during the study period. 
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Sensitivity analyses. Knee-based analyses for incident outcomes showed results similar to those of the primary analyses. Similar results were also observed when we performed sensitivity analyses using the higher strength measure for 2 knees or using the worse VPT measure for 2 knees. 
DISCUSSION
This study is unique in that it is a longitudinal evaluation of neuromuscular risk factors for the incidence and worsening of knee instability symptoms, and it evaluates knee instability both as a combination of knee buckling symptoms and sensations of slipping and shifting and as sensations of slipping and shifting without buckling symptoms. The results suggest that vibratory acuity and quadriceps muscle strength are important predictors of knee instability incidence and worsening over 2 years.
Previous studies have shown that knee instability is prevalent in older adults. The prevalence varies depending on the population and the definitions of knee instability. For example, in the general Framingham OA study cohort, the prevalence of buckling alone was 12% over a 3-month period (4), while in studies of subjects with knee OA, the prevalence of knee instability is reported to be as high as 65% (1,2,5). The MOST cohort, which was evaluated in the current investigation, is unique in that it includes older adults who have knee OA or are at high risk of developing knee OA. In light of these differences, the prevalence values were consistent with those in previous studies in the general population, with a 16% prevalence of buckling and a 36% prevalence of overall knee instability over 3 months at study baseline. Furthermore, it appears that in this cohort, development of instability symptoms in those who did not report them at baseline is common, with up to one-third of participants developing these symptoms or experiencing worsening of these symptoms over 2 years.
The present results provide support for the notion that quadriceps muscle strength plays a role in knee instability. In previous cross-sectional evaluations, quadriceps strength has been associated with knee buckling (4) and overall knee instability (5). In the current study, greater quadriceps strength was associated with a decreased incidence and lower risk of worsening of knee instability symptoms. Furthermore, quadriceps strength appeared to have stronger associations with sensations of shifting and slipping without buckling than with actual buckling or giving way of the knee. The reasons for this are not clear. Muscles have been proposed to provide stability to the joint; however, the relationship between muscle function and joint stability may be complex. Our results suggest that actual muscle strength may be an important factor. Nevertheless, muscle activation patterns and dynamic muscle function during ambulation may be additional factors that were not assessed in the current investigation. Muscle weakness has also been associated with poorer function and activity limitations (1), which may be related to knee instability and fear of falling (3) . Thus, the results of the current study provide further support for the importance of muscle strengthening in a rehabilitation program for knee OA.
Sensory deficits, including proprioceptive (15-17) and vibratory sense deficits, (6) have been observed in OA. Proprioception in knee OA has been evaluated using various methods, with most evaluating detection of movement with flexion and extension of the knee. Previous studies have shown a lack of association between proprioception measured in this manner and self-reported knee instability (5) . Standard methods for testing proprioception in knee OA are subject to a variety of biases: they require movement of the arthritic knee and may therefore be confounded by disease severity and pain independent of any true lower extremity sensory deficits, they depend on the patient's reaction times, and they may be confounded by delayed reflexes and participant comprehension, concentration, and memory.
Vibratory perception travels through similar neural pathways to proprioception and has been shown to be decreased in hip and knee OA. Vibratory perception is a sensory measure that is commonly used to evaluate diabetic neuropathy (18, 19) and has been associated with neuropathic arthropathy (20, 21) . Previous studies have shown generalized deficits at both the upper and lower extremities in patients with lower extremity OA (6,7) and suggested a mechanical role of vibratory acuity by demonstrating that worse vibratory perception was associated with higher dynamic joint loading in OA (8) . In a study by Kavchak and colleagues, decreased vibratory acuity was associated with increased perceived knee instability during a functional task (9), supporting our results in this study. In the current investigation, better vibratory acuity was associated most strongly with the incidence and worsening of buckling symptoms alone rather than with overall knee instability symptoms. The reasons for this are not clear. Nevertheless, the results of the current study support the potential mechanical implications of sensory deficits in OA.
The consequences of knee instability can be significant. Previous studies have shown that knee instability leads to loss of confidence, fear of falling, and decreased function (1, 3, 4) . It may also lead to falls and injuries (4). The current study has several clinical implications with regard to expanding our understanding of risk factors for knee instability and designing and implementing future interventions for the management of these symptoms. Vibratory sense and muscle strength could both be considered important variables for neuromuscular control of the joint, and therefore it is not surprising that they were important risk factors for knee instability. We observed that strength was more strongly associated with slipping and shifting without the knee giving way, while vibratory 100 SHAKOOR ET AL acuity was more consistently associated with actual knee buckling. These slight variations in association may be random; however, future studies may help clarify whether there are underlying neuromechanical etiologies for these findings. It is not clear whether these symptoms are on a spectrum of knee instability severity or whether they may be independent unrelated manifestations of instability, with some overlapping risk factors. In the current study, .40% of participants reported incident buckling without reporting previous slipping or shifting symptoms and without developing incident slipping symptoms, suggesting that not all individuals will experience slipping or shifting preceding buckling symptoms. Neuromuscular risk factors for knee instability may be modifiable. Quadriceps muscle strength is an established and modifiable risk factor for knee OA (22, 23) and now for knee instability as well. In a controlled trial in subjects with knee instability, Knoop et al randomized participants to receive knee stabilization training along with muscle strengthening versus muscle strengthening alone. Both groups demonstrated improvements in pain, function, and knee instability (24) . In contrast, Fitzgerald et al were not able to show improvements in self-reported knee instability in either group of participants in their randomized controlled trial of exercise therapy (25) . Other investigators have shown that sensory deficits, in most cases proprioceptive acuity, may be altered with various exercise (26, 27) and kinesthetic interventions (28) . However, it is not yet clear whether vibratory deficits in OA are modifiable with interventions. More controlled trials with neuromuscular interventions in OA are necessary to evaluate potential improvements in knee instability.
In this study, we performed person-based analyses, which we believe provide valuable information about the associations of interest. A limb does not function in isolation, and therefore overall neuromuscular health is likely a relevant and perhaps more appropriate measure to evaluate when examining the questions investigated in this study. Studies have shown that sensory deficits in OA (both proprioception and vibratory sense) are likely generalized and affect both knees and even upper extremity sites. Thus, we averaged the VPT in both knees to provide an overall assessment of vibratory acuity. Similarly, muscle impairments in patients with knee OA have been shown to affect not only bilateral quadriceps but also other lower extremity muscle groups (29) . In the MOST study, a majority of participants had strength data only for quadriceps muscle strength in the right knee. However, the correlation between quadriceps strength in one limb and quadriceps strength in the contralateral limb was high (r 5 0.84, which is only slightly lower than that observed with repeated strength assessment in the same limb). This suggests that for quadriceps strength measurements, knowledge of the measurement in one limb can permit a considerably accurate estimation of the value for the contralateral limb. We did perform sensitivity analyses evaluating the maximum quadriceps strength between 2 knees, as well as using the worse vibratory sense measure of the 2 knees, and the results were similar. Finally, although we could perform a knee-based analysis (primarily right knee only) for incidence outcomes, we did not have information separated by side for worsening in the frequency of buckling symptoms. We performed a sensitivity analysis evaluating knee-based incident outcomes, and the results were similar.
This study has additional limitations. First, the analyses were based on self-reports of instability symptoms rather than objective measurements of instability. Self-report is susceptible to recall bias and subjective variability in interpretation and identification of symptoms. This may be particularly relevant for the distinction between buckling and knee slipping and shifting symptoms. In addition, information was collected regarding symptoms over the past 3 months. Therefore, there is a possibility that participants could have had symptoms prior to the 3-month time point at the baseline visit and could still be considered to have "incident" symptoms, according to the study definitions, at the follow-up visits.
Next, we expected that the risk factors (vibratory sense and quadriceps strength) would affect study outcomes in subjects who were exposed to extreme low or high levels; therefore, we stratified our risk factors into categories of "lower," "middle," and "greater," in relation to 1 SD from the mean. In addition, it should be noted that our definitions of "worsening" outcomes included participants who reported worsening in the frequency of symptoms at least once during the 2 follow-up visits; therefore, some of these participants may have improved or stayed the same during 1 visit. However, we believe that any signal of worsening in frequency over the study period identifies a group of subjects who are of interest for evaluation. Finally, our approach of looking at baseline strength and vibratory acuity with longitudinal outcomes of knee instability was well suited for the aims of the current study. In future studies in which longitudinal data on all variables are available, it may be worthwhile to examine relationships between concurrent changes in strength, vibration, and instability.
In conclusion, this study suggests that vibratory acuity and quadriceps strength are important risk factors for knee instability. Considering the significant clinical consequences of knee instability, these factors should be strongly considered in interventional studies for the management of knee OA.
